Abstract The adsorption behavior of rice husk ash with respect to manganese and iron has been studied by batch methods to consider its application for water and waste water treatment. The optimum conditions of adsorption were determined by investigating the effect of initial metal ion concentration, contact time, adsorbent dose, pH value of aqueous solution and temperature. Adsorption equilibrium time was observed at 120 min. The adsorption efficiencies were found to be pH dependent. The equilibrium adsorption experimental data were found to fit the Langmuir, Freundlich and Temkin isotherms for iron, but fitted only Langmuir isotherm for manganese. The pseudosecond order kinetic model was found to describe the manganese and iron kinetics more effectively. The thermodynamic experiment revealed that the adsorption processes involving both metals were exothermic. The adsorbent was finally applied to typical raw water with initial manganese and iron concentrations of 3.38 mg/l for Fe and 6.28 mg/l, respectively, and the removal efficiency was 100 % for Mn and 70 % for Fe. The metal ions were desorbed from the adsorbent using 0.01 M HCl, it was found to quantitatively remove 67 and 86 % of Mn and Fe, respectively, within 2 h. The results revealed that manganese and iron are considerably adsorbed on the adsorbent and could be an economic method for the removal of these metals from aqueous solutions.
Introduction
Water pollution is a major global problem which requires ongoing evaluation and revision of water resource policy at all levels (international down to individual aquifers and wells). It has been suggested that it is the leading worldwide cause of deaths and diseases, and that it accounts for the deaths of more than 14,000 people daily. The contamination of both surface and groundwater by heavy metals constitutes an environmental hazard due to the fact that metals are not biodegradable and can cause severe adverse effects on human health (Spellman 2001) .
The presence of iron and manganese compounds, in groundwater, and eventually in drinking water, is a serious environmental problem which poses a substantial risk to local resource user and to the natural environment. Many techniques have been developed for removing heavy metals from water and wastewater and these include polyphosphate treatment, ion-exchange treatment, precipitations, ultra filtration and chlorination (Bruce Seelig 1998) . Recently the uses of some natural biomaterials as adsorbents have been advocated. The advantages of biosorbents include low operational cost and biodegradability. Biomaterials that have been used to remove heavy metals from aqueous solution include rice husk carbon, phosphatetreated rice husk, and rice husk carbon, Moringa seeds (Jahn 1988) . Sari et al. in their study reported the biosorption characteristics of Cd (II) and Cr(III) ions from aqueous solution using moss (Hylocomium splendens) biomass. In their report, experimental data fitted into Langmuir model better than Freundlich isotherm. The calculated thermodynamic parameters showed that the biosorption of the metal ions studied onto the biomass was feasible, spontaneous and exothermic under examined conditions (Sari et al. 2008) . In another related study, biosorption characteristics of Pb(II) and Cd (II) ions from aqueous solution using microfungus (Amanita rubescens) biomass were investigated as a function of pH, contact time, temperature and some other parameters. The biosorption of the metal ions by Amanita rubescens fitted into Langmuir model better than Freundlich isotherm (Sari and Tuzen 2009) .
The main objective of this study is to investigate the potential use of rice husk ash, an agricultural waste material as low cost bio-adsorbent for removal of iron and manganese ions from aqueous solution and real raw water from a local dam. The effect of some physical-chemical and thermodynamic parameters such as pH, adsorbent dose, temperature, ionic strength, the effect of initial concentration, the effect of contact time on the sorption capacity were investigated.
Materials and methods

Collection of rice husk waste material
Rice-husk, an agro-residue waste material was collected from a processing center at a local market in Ilorin, Kwara State of Nigeria.
Preparation of adsorbents
The rice husk (RH) was milled and later washed with distilled water to remove all impurities. The material was then oven dried at 105°C for 5-6 h. It was thereafter sieved and the fraction with particle size 300 \ / \ 250 lm was selected for further pretreatment. The RH was purified in 500 ml of 0.3 M of HNO 3 (Merck South Africa) over night and mechanically stirred at moderate speed; it was then washed thoroughly with large quantity of distilled water to neutrality and subsequently air dried at 105°C for 24 h (Laurence and Christopher 1989; Abdullah et al. 2001) . The material was ashed at 550°C in the muffle furnace and labeled, Ash-RH.
Characterization of adsorbents
The specific surface area was determined using Sears' method (Shawabkeh et al. 2003) .
The elemental composition of the adsorbent was determined using X-ray fluorescence (XRF) spectrometry.
The major functional groups in the adsorbent were determined by Fourier transform infrared spectrometry (FTIR-8400S). It was used to determine the functional groups in the samples at wave number 400-4,000 cm -1 .
The pH of the adsorbent was determined by weighing 1 g of Ash-RH, boiled in a beaker containing 100 ml of distilled water for 5 min. The solution was diluted to 200 ml with distilled water and cooled at room temperature, the pH of each was measured using a pH meter (model ATPH-6) and the readings were recorded (Abdullah et al. 2001) .
The bulk density of Ash-RH was determined using Archimedes's principle. The bulk density was determined using the equation below (Toshiguki and Yukata 2003) .
where W 1 , is the weight of empty measuring cylinder, W 2 is the weight of cylinder filled with sample and V is the volume of cylinder. The turbidity of the adsorbent particles suspension in aqueous media was used to evaluate the rate of agglomeration and sedimentation of rice husks ash (Ash-RH) particles. The turbidity study of the adsorbent was carried out to determine the influence of pH on the sedimentation behavior of the adsorbent particles. The study was carried out by varying the pH of colloidal suspension of 0.1 g biosorbent in 20 ml of aqueous solution between 3 and 7. The turbidity value was measured at various time intervals using a HACH turbidimeter model 2,100 N.
Batch adsorption experiments
The adsorption experiments were conducted using 0.1 g of Ash-RH with 20 ml of solutions containing heavy metal ions of desired concentrations at constant temperature of 30 ± 2°C in 100 ml plastic bottles. The mixtures were shaken on a shaker for 5 h and mixtures were filtered through Whatman filter paper No 1. The exact concentrations of metal ions in the initial and final solution were determined spectrophotometrically. The percent (%) adsorbed was calculated using the equation below (Uberoi et al. 1990) .
where C 0 and C e are the initial and final concentrations of the metal ions in solution, respectively.
Adsorption isotherms studies
The experimental data were fitted using Langmuir (Hall et al. 1966) Freundlich (Hutson and Yang 1997) and Temkin adsorption isotherms. The Langmuir isotherm equation is written as:
where C e is the equilibrium concentration of adsorbate (mg/l -1 ) and q e is the amount of metal adsorbed per gram of the adsorbent at equilibrium (mg/g). q m (mg/g) and b (l/ mg) are Langmuir constants related to adsorption capacity and rate of adsorption, respectively. The values of q m and b were calculated from the slope and intercept of the Langmuir plot of C e versus C e /q e (Langmuir 1918) .
Freundlich isotherm describes an empirical relationship that exists between the adsorption of solute and the surface of the adsorbent. This isotherm could be effectively utilized to study the heterogeneity and surface energies. The empirical equation proposed by Freundlich is:
where, K f and n are coefficients; q is the weight adsorbed per unit weight of adsorbent; C is the concentration of the metal solution Taking logarithm and rearranging: log q
The constant K f is an approximate indicator of adsorption capacity, while 1/n is a function of the strength of adsorption in the adsorption process. These constants can be evolved by linearising the above equation by adopting mathematical techniques (Voudrias et al. 2002) . If n is equal to 1 then the partition between the two phases is independent of the concentration. If the 1/n value is below 1 it indicates a normal adsorption. On the other hand if 1/n is above 1 it indicates cooperative adsorption (Mohan and Karthikeyan 1997 ).
Temkin adsorption isotherm
The Temkin isotherm model assumes that the adsorption energy decreases linearly with the surface coverage due to adsorbent-adsorbate interactions. The Temkin isotherm equation is applied for isotherm analysis in the following form (Temkin and Pyzhev 1940) :
where C e is the equilibrium concentration of adsorbate (mg/l -1 ) and q e is the amount of metal adsorbed per gram of the adsorbent at equilibrium (mg/g).
According to Temkin isotherm, the linear form can be expressed by equation
where RT/b = B (J/mol), which is the Temkin constant related to heat of sorption, whereas K T (l/g) represents the equilibrium binding energy, R (8.314 J/mol/K) is the universal gas constant at T (K) which is the absolute solution temperature.
Adsorption kinetics studies
The pseudo-first order and pseudo-second order models have been tested on the experimental data at different contact time. The pseudo-first order model is expressed using this equation (Ho et al. 1996) logðq e À qÞ ¼ log q e À K ad 2:303 Â t
where q e (mg/g) is the mass of metal adsorbed at any time t and k 1 (min
) is the equilibrium rate constant of pseudofirst order adsorption. The values of k ad and q e are determined from the slope and intercept of the plot of log (q eq t ) versus t, respectively.
The pseudo-second order model is based on assumption that biosorption follows a second order mechanism. The rate of occupation of adsorption sites is proportional to the square of the number of unoccupied sites (Mckay and Ho 1999) . The equation can be expressed as Ho and McKay (2002) :
where k 2 is the pseudo-second order rate constant (g/mg/ min). The value of q e is determined from the slope of the plot of t/q t versus t.
Thermodynamic study
The thermodynamic parameters were obtained by varying the temperature conditions between 30 and 50°C while keeping other variables constant including metal concentration, pH, adsorbent dose, contact time. The values of the thermodynamic parameters such as DG o , DH o , and DS o , were calculated using the expression described below (Khan et al. 2005) :
The Gibb's free energy of the adsorption process is calculated (Voudrias et al. 2002 )
where DG o is the standard Gibb's free energy change for the adsorption (J/mol), R is the universal gas constant (8.314 J/mol/K) while T is the temperature (K). K d is the distribution coefficient of the adsorbate The plot of ln K d versus 1/T gives a straight line with the slope and the intercept giving values of DH o and DS o .
InK d ¼DS=R À DH=RT
These values could be used to compute DG o from the Gibb's relation,
where K d is the distribution coefficient of the adsorbate, and it is equal to q e /C e (l/g). T is the temperature (K), R = 8.314 9 10 -3 kJ K -1 mol -1 , q e is quantity of metal ion sorbed (mg/g) and C e is the equilibrium concentration of metal ion solution (mg/l). DG was calculated from the equation at temperature of 303-323 K.
Synergetic effect of metals in binary solution
Understanding of the synergetic effect is important for evaluating the degree of interference posed by associated metal ions in adsorptive treatment of waste water. Binary adsorption of metal ions was conducted with the same operating conditions as for mono-component adsorption in terms of volume (20 ml), adsorbent dose 0.1 g, and agitation time of 2 h. The simultaneous adsorption of Mn(II) and Fe(II) ions from binary mixtures was also investigated at pH 5 and temperature of 30 ± 2°C. The quantities adsorbed were determined by subtracting the quantity of the heavy metals in each filtrate from the initial quantity of heavy metal in each binary solution before contact.
Desorption experiment
The regeneration of the adsorbent was undertaken by carrying out batch desorption experiments.
Different concentrations of HCl (0.05, 0.1, 0.2 M) were contacted with the Mn(II) or Fe(II) presorbed adsorbent in different conical flasks and each suspension was equilibrated at different time intervals (10, 20, 30, 60 and 120 min) . After equilibration, the mixtures were filtered and filtrates were analyzed for the amount of Mn(II) and Fe(II) in the solution. A graph of the percentage desorbed was plotted against time.
Desorption index
The desorption index was used to determine the degree of the reversibility of the sorption process. It is the ratio of the percent of total metal adsorbed after sorption to the percentage total left on the adsorbent after desorption.
Application of batch optimization conditions for the removal of Mn and Fe from untreated dam water
Untreated raw water was collected from Unilorin campus dam on 9 May 2012 and was appropriately preserved by acidifying with few drop of 0.5 M of HCl to prevent precipitation of the metal ions. The batch optimization conditions were applied for the removal of Mn and Fe in Unilorin dam water, after contact with the adsorbent Ash-RH.
Results and discussion
The physical properties of the Ash-RH are summarized in the Table 1 .
XRF elemental analysis
The elemental composition of Ash-RH biomass using XRF technique is summarized in Table 2 . It shows that Ca and K are present as major elements; Fe exists as minor while Mn, Zn, Cu and Ni exist at trace levels.
Results of adsorption studies
Effect of initial concentration on adsorption of Fe(II) and Mn(II) ions
The results obtained are presented in Fig. 1 . Two different behaviors were observed for iron and manganese, while the former exhibited a higher increase in the quantity of metal adsorbed with initial concentration, the latter showed a slight increase. The quantity adsorbed for Mn and Fe at 100 ppm was 3.21 and 18.84 mg/g, respectively. It is, therefore, evident that rice husk ash has higher capacity for iron than manganese. This may also be attributed to an increase in the driving force of the concentration gradient with the increase in the initial metal concentration (Kalavathy and Miranda 2010). Effect of contact time
The effect of contact time on adsorption is of importance in adsorption process, because of its influence on the adsorption capacity (Baysal 2009). The uptake of Mn(II) and Fe(II) ions were studied over a time range 5-300 min.
The effect of contact time on removal efficiency is presented in Figs. 2 and 3 . The results show that there is initial rapid increase in the quantity adsorbed within the first 10 min before approaching a plateau at about 100 min for Mn and 50 min for Fe. Subsequent experiment at concentrations 10, 20 and 50 ppm was carried out at 120 min (Figs. 4, 5, 6 ).
Effect of adsorbent dose
The percent removal of both metals Mn(II) and Fe(II) increased with increase in Ash-RH dosage and attained a plateau (i.e. reached maximum amount) at 0.1 g for Fe and 0.5 g for Mn. The observed increase in the percent removal of the metals with increase in dose of the adsorbent (Ash-RH particles) can be attributed to the increase in the surface area which leads to an increase in number of active sites for adsorption (Mckay and Ho 1999; Lakshminarayanan et al. 1994 ).This may also be due to an increase in effective surface area resulting from the conglomeration of the adsorbent especially at higher dosage of the adsorbent (Annadurai et al. 1997; Danis et al. 1999 ).
Effect of pH
The percentage removal was practically the same for the metal ions considered, as it varied between 92 and 97 % for Fe, and between 91 and 99 % for Mn at pH 3-6. The percentage removal, however, reduced to 84 % for Fe and 74 % for Mn when the pH was adjusted to 7. The effect of pH can be explained considering the surface charge on the adsorbent material. At low pH, due to high positive charge density and due to protons on the surface sites, during the uptake of metal ions electrostatic repulsion will be high, resulting in lower removal efficiency. Electrostatic repulsion decreases with increasing pH due to reduction of positive charge density on the sorption sites; thus an enhancement of metal adsorption is noted. Effect of pH on adsorption also has been reported by several earlier workers (Dubinin and Radushkevich 1947) . At higher pH values OH -ions compete with the metal ions with the active sites on the surface of the adsorbents.
Effect of temperature
The equilibrium uptake of Mn(II) and Fe(II) by 0.1 g of Ash-RH was slightly affected by temperature. The slight variation in equilibrium uptake was more pronounced in the case of manganese than iron. It was observed that the percentage removal was practically irregular with temperature. The decrease in adsorption with the rise of temperature may be due to the formation of the adsorbateadsorbent complex which becomes unstable resulting in the escape from solid phase to the bulk solution. It is also likely that the instability of the complex may be accompanied by damage to the adsorption sites of the adsorbent thereby decreasing the metal ions uptake at higher temperature (Bhattacharyya and Gupta Sen 2006) . The instability of the complex might also account for this downward and upward increase in the metal ions uptake.
Adsorption behavior of metals in binary solution
The respective concentrations of Mn(II) and Fe(II) in the experimental binary solutions used in this study are shown in Table 3 .
Binary adsorption studies are important for assessing the degree of interference posed by common metal ions in adsorptive treatment of wastewaters and aqueous solutions (El-Said et al. 2010 ). Adsorbents generally exhibit three possible types of behavior and these are synergistic (the effect of the mixture is greater than that of the single components in the mixture), antagonism (the effect of the mixture is less than that of each of the components in the mixture) and non-interaction (the mixture has no effect on the adsorption of each of the adsorbates in the mixture) (Xiao and Thomas 2004) .
The overriding effect of the binary mixture of Mn(II) and Fe(II) seems to be antagonistic in this case (Fig. 7) . This is because the experimental equilibrium effect of the mixture is less than that of each of the components in the mixture. Similar results have been obtained by some authors.
Thermodynamics evaluation of adsorption process
The data obtained for the thermodynamic parameters for manganese and iron are presented in Table 4 in Fig. 8a , b. (Singh et al. 1988) . As the temperature increases, the values of DG become more negative for each metal (Malakootian et al. 2008) . The negative and small values of free energy change (DG 0 ) were an indication of the spontaneous nature of the adsorption process. The negative values of standard enthalpy change (DH 0 ) for the intervals of temperatures were indicative of the exothermic nature of the adsorption process. Thermodynamic constants of adsorption obtained for Mn(II) and Fe(II) are summarized in Table 4 .
Adsorption isotherms
Adsorption data for adsorbate concentration
The results of the adsorption experiments in this work were described by Freundlich, Langmuir and Temkin isotherms. Batch adsorption isotherms were carried out on sorption of manganese and iron using Ash-RH at room temperature.
The adsorption isotherms data are illustrated in Figs. 9, 10, 11, 12, 13 and 14. The result of Freundlich isotherm best fitted adsorption of Fe(II) on Ash-RH with correlation coefficient R 2 0.908 and moderately fitted the adsorption for Mn(II) with correlation coefficient R 2 0.758. The 1/n and K f are obtained from the slope and intercept of the plot of ln (C e ) versus ln (q e ), the values of n and K f are given in Table 5 . The value of 1/n \ 1, for both metal ions implied favorable adsorption. The magnitude of K f is a measure of the adsorbate on the adsorbent (Jalali et al. 2002; Igwe and Abia 2007) . In this study, the sorption intensity on Mn(II) is higher than that of Fe(II).
The plots of C e versus C e /q e for Mn(II) and Fe(II) are shown in Figs. 11, 12 , the linear isotherm parameters q m , b and the correlation coefficient are also given in the Table 6 . Maximum sorption capacity, q m of Fe(II) is 66.66 mg/g which is greater than that of Mn(II) of Fig. 8 a A plot 
) for Fe(II) 10 ppm Fig. 9 Freundlich isotherm curve for manganese using Ash-RH at pH 5, temp. 30°C, adsorbent dose 0.1 g Fig. 10 Freundlich isotherm curve for manganese using Ash-RH at pH 5, temp. 30°C, adsorbent dose 0.1 g Table 7 . Constant B is related to heat of sorption, for Mn(II) it is 2,686.2 and 101.76 kJ/mol for Fe(II). Therefore, K T which is the equilibrium binding constant for Fe(II) is greater than Mn(II), indicating a lower biomass metal ion potential for Mn(II) ( Table 8) .
The values of the linear regression coefficient (R 2 ) indicate that Langmuir, Freundlich and Temkin isotherms fit the equilibrium experimental data for Fe(II) while Langmuir best fit for Mn(II).
The direct comparison of adsorbent capacity of these rice husk ash with other sorbents reported in the literature is different due to varying experimental conditions employed in those studies. However, the solids in this study possess reasonable adsorption capacity in comparison with other adsorbents.
Adsorption kinetics
A good understanding of batch adsorption kinetics is needed for the design and operation of adsorption for Mn(II) and Fe(II) treatment. The nature of the Mn(II) and Fe(II) adsorption kinetic process depends on the physical or chemical characteristics of the adsorbent and also on the operating conditions. The kinetic data of Mn(II) and Fe(II) interactions with rice husk ash were, therefore, tested with different models such as pseudo-first order, pseudo-second order, intra-particle diffusion and liquid film diffusion model.
Only the pseudo-second order equation fitted best the kinetic data. The adsorption kinetic data for the various models are presented Figs. 15, 16. Linear plot of t versus t/q t (Figs. 15, 16 ) was used to determine the rate constants and correlation coefficients. For both Mn(II) and Fe(II) ions adsorption, the values of correlation coefficients of the data, were found to be very high (R 2 [ 0.99) . These values are shown in Table 9 . The rate constant K obtained from slope of plot of t versus t/q t , for Mn(II) is 0.292 mg/g min, as much greater than that of Fe(II) which is 0.033 mg/g min at the same concentration of 10 ppm. This observation showed that Mn(II) ions adsorption takes place at higher rate than that of Fe(II) ions. The calculated q e value from the pseudo-second order model is in good agreement with the experimental q e value. This suggests that the sorption followed the pseudo-second order model (Muraleedharan and Venkobachar 1990; Park et al. 2006 ).
Characterization of Ash-RH using IR spectroscopy
The FTIR technique is an important tool to identify the characteristic functional groups (Fig. 17) . The important peaks extracted from the infrared (IR) spectra of the Ash-RH are summarized in Table 10 . The different functional groups are of vital importance in understanding the adsorption process of the adsorbent. The infrared (IR) spectra of the samples had a broad band in the region of 3,433.41-3,446.91 cm -1 due to the surface O-H vibration. This band is due to the silanol, SiO-H groups and the HO-H vibration of the adsorbed water molecules bound to the silica surface (Kamath and Proctor 1998) . This surface silanol groups are responsible for physically adsorbing water molecules and holding them in place by hydrogen bonding. The peak around 1,641.48-1,737.92 cm indicate the presence of CH 2 and CH 3 . The peaks in the 1,163.11-1,315.5 cm -1 correspond to vibration of CO group in lactones. The peaks around 469.32-800 cm -1 indicate the presence of -OCH 3 . All linkages present on the biomass surface are responsible for metal uptake process (Wong et al. 2000; Nadeem et al. 2006; Skoog et al. 2007 ).
Turbidity measurement
The result of turbidity measurement depicting the rate of sedimentation of rice husk particles as a function of time and pH are illustrated in Fig. 18 . It is evident that turbidity decreases exponentially with time. It can be seen that the NTU decreases as the time increases. A practically clear supernatant was obtained within 15 min. So the suspension will, therefore, require continuous agitation of suspension during the adsorption process for the attachment of adsorptive metal ions on the adsorbents.
Desorption results
Desorption studies help to elucidate the nature of adsorption and recycling of the spent adsorbent. For desorption studies of the spent adsorbent, various concentrations of HCl solutions from 0.05 to 0.1 M were used. Maximum percents desorption obtained for men (II) and Fe(II) were 67 and 86 %, respectively, within 2 h for 0.1 M concentration of HCl. The results are illustrated in Fig. 19 for Ash-RH. It is important to note that at low concentration, the desorption solution was able to quantitatively remove the metal ions from the adsorbent, thereby reducing the expenses and waste generation.
Desorption index
The desorption index of Ash-RH with respect to Mn(II) and Fe(II) have been calculated and the values are summarized in Table 11 . The values of the desorption index (DI) were calculated for various concentrations of HCl from 0.05 to 0.2 M to evaluate the degree of reversibility of Mn(II)-Ash-RH and Fe(II)-Ash-RH sorption process. A sorption process is considered to be completely reversible when DI equals 1. The degree of irreversibility of a sorption reaction increases as DI value deviates from 1 (Adekola et al. 2012) . In this study, the DI value for Mn(II)-Ash-RH ranged from 1.158 to 1.163, while that of Fe(II)-Ash-RH ranged from 0.834 to 0.846. The DI values are close to 1 which implies that the sorption process is practically reversible within the concentration range investigated.
Result of batch optimization conditions for the removal of Mn and Fe from untreated dam water
The results are illustrated in Fig. 20 . It is interesting to note that 100 % of Mn(II) and nearly 70 % of Fe(II) were removed from the raw water after a contact time of 2 h and with adsorbent dose of 0.5 g.
Conclusion
The Ash-RH (rice husk ash) was found to be an effective biosorbent for the removal of Mn(II) and Fe(II) from an aqueous solution. The study showed that the initial concentration, contact time, the adsorbents dose, temperature and pH of the solution influenced the adsorption process. Thermodynamic studies showed that the adsorption process was feasible and spontaneous and exothermic in nature. A good fit of the adsorption data into the Langmuir isotherm confirmed monolayer adsorption for both metals Mn and Fe. The prepared rice husk effectively removed manganese and iron from the raw water of the University of Ilorin dam.
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